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encompassing 132,538 newborns required a second DBS from
1093 newborns (0.82% of total) when the cut-off value was set at
25% of normal mean AaGlu activity [4]. Most of these recalls might
have been ¢.[1726A; 2065A] homozygotes, After publication of the
Taiwanese study, we tried to improve the feasibility of the screen-
ing procedure by adopting the assay conditions described by Chien
et al. {4]. Forty DBSs from 12 patients and 28 c.[1726A; 2065A]
homozygotes were subjected to the screening procedure with the
following cut-off values; the AaGlu activity, less than 8% of normal
mean; the ratio of neutral over acid a-glucosidase activities, more
than 60; and the percentage inhibition of total a-glucosidase activ-
ity by acarbose, more than 80% [4]. Using the combination of these
criteria, none of the c.[1726A; 2065A] homozygotes was identified
as false positive, but 2 of the 12 patients were misdiagnosed
(unpublished data). The use of a different substrate coupled to a
different assay procedure (e.g.. the newly developed substrates
for tandem mass spectrometry) might solve the problem [10-13].
Tandem mass spectrometry worked remarkably well in a pilot
study in 10,279 Austrian newborns. The calculated recall rate
would have been only 0.039% [5]. But, it must be emphasized that
the great majority of Austrians is Caucasian, and that the frequency
of ¢.[1726A; 2065A] homozygotes in that population is probably
very low,

As it stands, our method based on the measurement of AaGlu
activity in DBSs using 4MU-oGlc in the presence of 3.0 pmol/L
acarbose detects 1.5% of Japanese newborns as potential patients
at a cut-off value of 4.0 pmol/h/disk without false negative out-
comes. But, at lower cut-off value some patients will be missed
(Tables 2 and 3). We have demonstrated the feasibility of obtaining
GAA genetic information from the DNA that remains on the DBSs,
but the application is not sufficient as second tier test. If an activity
of less than 3 pmol/h/disk is found in an individual with any dipl-
otype other than c.[1726A; 2065A] homozygote, this individual is
very likely to have GSDII. However, a c.[1726A; 2065A] homozy-
gote with low activity remains to be diagnosed,

Notably, there were three c[1726A; 2065A] homozygotes
among the 18 proven patients. Although the sample size is small,
it seems that the frequency of the c.[1726A; 2065A] allele is higher
in the patient (42%) than in the control population (19%), which is
suggestive for a founder effect, This hypothesis can be investigated
by GAA sequence analysis of the 12 patients that are either homo-
zygote or heterozygote for c.[1726A; 2065A]. They are then ex-
pected to share a common pathogenic mutation besides the
linked c.1726G>A and ¢.2065G>A SNPs. Gene sequencing is in pro-
gress to clarify this possibility. Interestingly, ¢.1935C>A leading to
amino acid substitution D645E is the most common pathogenic
mutation in the Southeastern part of China and in Taiwan, This
mutation was first reported by Shieh and Lin [28] to be linked to
€.2065G>A, whereas linkage to ¢.1726G>A was not investigated
at that time. Recently, Wan et al. reported that they could not find
any specific polymorphism that links to the pathogenic ¢.1935C>A
mutation in the same Chinese population [29]. This would mark

Table 3
Diagnostic property of newborn screening with different cut-off values on DBSs from
715 controls and 18 patients in Japanese populations.

Cut-off value  Normal mean activity (%) False positive (%) False negative (%)

(pmol/h/disk)

100 340 39/715 (5.5) 0/18 (0)
9.0 306 31/715 (4.3) 0/18 (0)
8.0 27.2 30/715 (4.2) 0/18 (0)
7.0 238 28/715 (3.9) 0/18 (0)
6.0 204 26/715 (3.6) 0/18 (0)
5.0 17.0 18/715 (2.5) 0/18 (0)
40 13.6 11/715 (1.5) 0/18 (0)
30 102 4/715 (0.6) 0/18 (0)
20 6.8 2/715 (0.3) 118 (5.5)

position ¢.1935 as a mutational hotspot, although ¢.1935C>A is
not very common in Japan among patients with GSDII (6.8% of
the mutant alleles) {30,31].

In conclusion, our findings illustrate that homozygosity for the
¢[1726A; 2065A] allele, resulting in "pseudodeficiency” of AoGlu,
complicates newborn screening for GSDII in the Japanese and other
Asian populations. Our findings also suggest that one or more path-
ogenic mutations are associated with this allele. Further investiga-
tions are required to optimize the selectivity of the newborn
screening procedure and to minimize the number of cases that
have to be recalled for second or third tier testing.
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Abstract

We performed a cell transplantation study to treat the brain involvement in lysosomal storage diseases. We used acid B-galac-
tosidase knock-out mice (BKO) from C57BL/6 as recipients. To minimize immune responses, we used cells derived from transgenic
mice of C57BL/6 overexpressing the normal human B-galactosidase. Fetal brain cells (FBC), bone marrow-derived mesenchymal
stem cells (MSC), and mixed FBC and MSC cells were prepared and injected into the ventricle of newborn BKO mouse brain.
The mice were examined at 1, 2, 4, and 8 weeks and 6 months after injection. In each experiment, the injected cells migrated into
the whole brain effectively and survived for at least 8 weeks. Decrease in ganglioside GM1 level was also observed. FBC could sur-
vive for 6 months in recipient brain. However, the number of transplanted FBC decreased. In the brains of MSC- or mixed cell-
treated mice, no grafted cells could be found at 6 months. To achieve sufficient long-term effects on the brain, a method of steering
the immune response away from cytotoxic responses or of inducing tolerance to the products of therapeutic genes must be
developed.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Enzyme replacement therapy (ERT), hematopoeitic
stem cell transplantation (HSCT), and gene transfer have
been studied in animals and in humans with lysosomal
storage disease (LSD). ERT is now available clinically
for Gaucher disease, Fabry disease, Pompe disease, and
MPS 1, 11, and VI in many countries, and has been success-
ful in visceral organs. HSCT is also effective against the
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somatic involvements in Gaucher disease and MPS I, 11,
and VI. However, HSCT exhibits little efficacy in condi-
tions such as Fabry disease and Pompe disease, when
enzyme secretion from donor cells is poor or the uptake
of enzyme proteins by the affected host cells is inadequate.
In addition, efficacy in individual organs differs markedly,
in both ERT and HSCT, depending on accessibility of
blood flow and the density of mannose-6-phosphate
receptors. Neither HSCT nor ERT exhibits efficacy
against the brain involvement in Gaucher or MPSs
because of the poor access due to the blood—brain barrier.

Many experimental studies have been carried out,
involving methods such as gene therapy [1-5], cell
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therapy [6-9), or intrathecal administration of enzymes
[10,11], for treatment of the brain in LSDs. Such
treatments were able to overcome the blood-brain
barrier to access brain tissue and exhibit considerable
efficacy in brain. However, it is difficult to maintain
such efficacy for long periods of time. Repetition of
these treatments is not practical because intracranial
administration is required for them. On the other
hand, the usefulness of intravenous administration is
limited because of the blood-brain barrier, except in
newborn mice which have an immature barrier. It
has been reported that intravenous administration of
extremely high doses of enzymes [12-14] or of
enzymes that remain in the circulation for long peri-
ods [15,16] yielded slight passage through the blood-
brain barrier, though with increase in the risk of
immune response.

Oral administration of small molecules would be a
good and convenient method of treatment of the brain
for prolonged periods, such as substrate reduction ther-
apy with N-butyldeoxynojirimycin or N-butyldeoxyga-
lactonojirimycin for glycosphingolipidoses [17-19] or
genistein for mucopolysaccharidoses [20], and chemical
chaperone therapy for Fabry disease [21] or GM1-gan-
gliosidosis [22]. However, the efficacy of substrate reduc-
tion therapies has thus far been quite limited, and
chemical chaperone therapies are not applicable for
every type of gene mutation.

GM1 gangliosidosis is an LSD and a progressive
neurological disease in humans caused by a genetic
defect of lysosomal acid B-galactosidase, which hydro-
lyses the terminal B-galactosidic residue of ganglioside
GMI1 and other glycoconjugates. The defects in f-
galactosidase activity result in accumulation of gangli-
oside GMI1 in various organs, especially the brain,
causing progressive neurodegeneration. In our previ-
ous study [2], we injected recombinant adenovirus
encoding mouse B-galactosidase ¢cDNA intravenously
in B-galactosidase-deficient newborn mice, and showed
that vector-mediated B-galactosidase-producing brain
cells could reduce ganglioside GMI1 accumulation.
We showed that B-galactosidase enzyme protein could
be secreted as well as taken up by the brain cells and
function effectively. However, the efficacy obtained
was transient. If sufficient amounts of the defective
enzyme could be permanently secreted by cells in the
brain, injury of the brain could be prevented. To
examine the possibility of long-term cell treatment of
the brain in LSDs, we carried out a transplantation
experiment in the brain of a GMIl-gangliosidosis
mouse model (acid B-galactosidase knock-out mouse)
using fetal brain cells (FBC) and mesenchymal stem
cells (MSC) from bone marrow. These cells used for
transplantation were derived from mice of the same
genetic background as recipient mice except for pos-
session of the human f-galactosidase gene.

2. Materials and methods
2.1. Knock-out and transgenic mice

A mouse model of GM1 gangliosidosis (BKO mouse)
was generated by targeting of the B-galactosidase gene at
exon 15 in ES cells as previously described [23]. New-
born mice were obtained by mating heterozygous female
mice with homozygous male mice. Identification of new-
born mutants was accomplished by quantitative analysis
of B-galactosidase activity in tail tip homogenates on the
day of birth. Mice with high B-galactosidase activity
(TG mice) [24] were generated by introducing the
human B-galactosidase gene as a transgene in ES cells
obtained from the BKO mouse, which has several copies
of the human B-galactosidase gene without the mouse -
galactosidase background. Age-matched wild-type mice
of C57BL/6 strain were used as a control.

2.2. Cell preparations for transplantation

Cultured mesenchymal stem cells (MSC) were
obtained from the bone marrow of the tibias and femurs
of 5-8 month-old TG mice according to the method of
Meirelles et al. [25] with some modifications. Dulbecco’s
modified Eagle’s medium (DMEM: Sigma Chemical
Co., St Louis, MO) containing 10% fetal bovine serum
(Medical and Biological Laboratories, Nagoya, Japan)
was used for culture.

Fetal brain cells (FBC) were obtained from the fetal
cerebral cortex of TG mice at 13 days of gestation
according to the method of Meberg and Miller [26].
The brain tissue was disrupted in a Pasteur glass pipette
by gentle stroking several times (uncultured FBC), and
then cultured for 4 h in Neurobasal medium (Invitrogen,
Carlsbad, CA, No. 12348-07) containing 2 mM gluta-
mine and 10% FBS, followed by two days in Neurobasal
medium containing 2 mM glutamine and B27 supple-
ment (Invitrogen, No. 14175-095) (cultured FBC).

2.3. Transplantation of cells into newborn mouse brain

Each BKO mouse received a single injection of 0.5-
1.0 x 10° of the cells prepared as described above in
the right cerebral ventricle from 24 to 48 hours after
birth. Study groups were as follows: uncultured FBC
(n=18), cultured FBC (n=10), MSC (n=17), and
mixed MSC and FBC (1:1) (n = 15). Mice of each exper-
imental group were divided into three subgroups for X-
gal staining, B-galactosidase assay and ganglioside GM
analysis. Mice were examined at one, two, four, and
eight weeks and 6 months after injection as shown in
Table 1.

For biochemical analysis, mice were anesthetized
with diethylether and the blood was washed out with
normal saline by perfusion through the heart, and the
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brains were removed and kept at —80 °C until use. For
histological studies, the brains were fixed by perfusion
through the heart with 4% paraformaldehyde in 0.1 M
phosphate buffer pH 7.4 (PB) for 20 min., after washing
out the blood with normal saline. To obtain frozen sec-
tions, the brains were placed in 0.1 M phosphate buffer
pH 7.4 containing 30% sucrose, and frozen in liquid
nitrogen.

All surgical and care procedures were carried out in
accordance with the Guidelines for Use and Care of
Experimental Animals approved by the Animal Com-
mittee of Osaka City University School of Medicine.

2.4. X-Gal staining

Frozen sections (16 pm thick) were reacted with X-
gal using the B-gal staining Kit (Invitrogen Corp., Carls-
bad, CA) to visualize B-galactosidase activity.

2.5. B-Galactosidase assay

B-Galactosidase activity was analyzed in the tissue
homogenate with the artificial substrate 2 mM 4-methyl-
umbelliferyl B-galactoside at pH 4.0 in 0.1 M sodium cit-
rate-phosphate buffer according to the method described
by Suzuki [27]. Protein was analyzed using the Bio-Rad
protein assay system (Bio-Rad Laboratories, Hercules,
CA) with the method of Bradford [28].

2.6. Analysis of ganglioside GM1

Amounts of ganglioside GM1 were measured by
immunoblot assay using anti-GM1 ganglioside mono-
clonal antibody (Code: 370685, Seikagaku Corp.,
Tokyo, Japan) by the method of Michikawa et al. [29]
with some modifications.

Brain tissue cells were disrupted by sonication and
solubilized in 20 mM Tris—HCl buffer pH 8.0 containing
137 mM NacCl, 10% glycerol, and a protease inhibitor
cocktail (Complete, Mini, Cat No. 11836153001, Roche
Diagnostics, Mannheim, Germany). Five micrograms of
tissue protein was applied onto Trans-Blot Transfer
Medium Pure Nitrocellulose Membrane (0.45 um pore
size, Code: 162-0117, Bio-Rad Laboratories) through
the slots of a Bio-Dot SF Microfiltration Apparatus
(Bio-Rad Laboratories). The membrane was reacted
with anti-GM1 ganglioside monoclonal antibody
diluted 1:500, after blocking with 5% skim milk in
PBS solution for 1 h at room temperature, and then with
horseradish peroxidase-linked anti-mouse IgG sheep
antibody (Code: NA931, GE Healthcare UK Ltd.,
Buckinghamshire, UK) diluted 1:1,000. The washing
solution used was 0.1 M Tris buffered saline pH 7.5 con-
taining 0.1% Tween 20 (TTBS). Bound antibody was
detected using ECL after reaction with ECL™ Western
Blotting Detection Reagents (Code: RPN2209, GE

Healthcare UK Ltd.) and visualized on X-ray film. Dén-
sitometric quantification of immunoreactive signal was
performed using the Kodak Digital Science™ EDAS
120 system with 1D Image Analysis software (Eastman
Kodak Company, NY). The values obtained were com-
pared with those of quantification of histological immu-
noreactivity with Leica Control Software as previously
described [30], and the same ratios were obtained among
the samples (data not shown). The assay was performed
three times and in duplicate for each sample indepen-
dently, and mean values were calculated.

3. Results
3.1. X-Gal staining

Layered staining of the transplanted cells was
observed over the entire ventricular surface on both
sides of the cerebral hemispheres in treated mice at
one week after injection (data not shown). Positive cells
had spread into the brain tissue by two weeks (Fig. 1c
and f) in the mice treated with cultured FBC (n = 1),
uncultured FBC (n= 1), and MSC (n = 2) in the same
amounts. The cells had spread further and had reached
every part of the brain by 4 weeks in the mice of all
experimental groups (Fig. 1d, g and i). Less positive cells
were found in the mice treated with MSC (n =3) or
mixed MSC and FBC (n=3) (Fig. 1g and i) than in
the mice treated with cultured (n=3) or uncultured
FBC (n = 3) (Fig. 1d). The number of the X-Gal positive
cells increased gradually until 4 weeks after injection in
every experimental mouse. At 8 weeks after injection,
positive cells still existed in the cultured FBC- (n=3)
and uncultured FBC-treated (n = 3) mice (Fig. le) in
the same numbers with a similar distribution as at 4
weeks. However, a significant decrease in number of
positive cells was found at 8 weeks in the mice treated
with MSC (n=3) or mixed MSC and FBC (n= 3)
(Fig. 1h and j). In the mice treated with mixed MSC
and FBC, positive cells existed in higher numbers in
deep areas than in the mice treated with MSC alone.
In the mice treated with cultured (n = 2) and uncultured
FBC (n = 2), small numbers of positive cells with strong
staining still existed in many parts of the brain, espe-
cially around the striatum and lateral globs pallidus
(Fig. 1k and I), at 6 months after injection. No grafted
cells were found in the mice treated with MSC (n = i}
or mixed MSC and FBC (n = 1) at 6 months. No signif-
icant differences were noted among the mice within each
experimental group at each stage.

3.2. B-Galactosidase activity
The pB-galactosidase activity in FBC and MSC

derived from TG mice were 214.5-227.5 nmol/mg/h
(n=4) and 143.0-121.4 nmol/mg/h (n=3), respec-
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Fig. 1. X-Gal staining of brain coronal sections at +0.8 mm to —2.0 mm of bregma. (a and b) Non-treated BKO mouse at 4 and 8§ weeks old,
respectively; (c—e) Treated with FBC at 2, 4, and 8 weeks after injection; (f-h) Treated with MSC at 2, 4, and 8 weeks after injection; (i and j) Treated
with mixed MSC and FBC at 4 and 8 weeks after injection; (k) FBC-treated brain at 6 months after injection; (1} Magnification of figure k. Positive
cells had spread into the brain tissue by two weeks (¢ and f). The cells had spread further by 4 weeks (d, g and ). Less positive cells were found in the
mice treated with MSC or mixed MSC and FBC (g and i} than in the mice treated with FBC (d). At 8 weeks, positive cells still existed in FBC-treated
mouse (e) as at 4 weeks (d). A significant decrease in number of positive cells was found at 8 weeks in the mice treated with MSC (h) or mixed MSC
and FBC (j). Strong positive staining cells still existed at 6 months in the brain of FBC-treated mouse (k and 1).
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tively, while the activity in FBC and in MSC derived
from wild-type mice were 54.9-69.1 (n=2) and 63.0
(n = 1), respectively.

The results of brain B-galactosidase activity in trans-
plantation experiments are shown in Table 2. Increases
in B-galactosidase activity were found in the brains of
each experimental group at 4 weeks after injection.
Activity in the FBC-treated mice was definitely
increased at 4 weeks as well as at 8 weeks, while activity
at 8 weeks in the MSC-treated mice and mixed MSC and
FBC-treated mice was almost the same level as that in

the untreated mice. These findings were consistent with
those in the X-Gal staining study.

3.3. Immunoassay of ganglioside GM]1

Immunoassay of accumulated ganglioside GM1 was
performed for each mouse using anti-GM1 ganglioside
monoclonal antibody. Values are ratios to the amounts
in age-matched normal control mice. The results are
shown in Fig. 2 and Tables 3. At 4 weeks after injection,
remarkable decrease in ganglioside GM! accumulation

Table 1
Mouse numbers used for each experiment.
Time after injection 1 week 2 weeks 4 weeks 8 weeks 6 months
[X-Gal staining]
Uncultured FBC 1 1 3 3 2
Cultured FBC 1 1 3 3 2
MSC 2 3 3 1
Mixed MSC and FBC 3 3 1
[B-galactosidase activity]
Uncultured FBC 2 2
Cultured FBC
MSC 2 2
Mixed MSC and FBC 2 2
{Immunoblot assay of ganglioside GM1 amount]
Uncultured FBC 1 1 1
Cultured FBC
MSC 2 2
Mixed MSC and FBC 2 2
Table 2
B-Galactosidase activity.
4 weeks 8 weeks

Age-matched normal control (mean 4 SD)
Non-treated (mean &+ SD)

197 +61 (n=7)
4384035 (n=5)

159 %56 (n =17
4.10 £ 0.47 (n = 5)

Treated with uncultured FBC Mouse | Mouse 7
Rt: 6.65% Rt: 4,94
Lt: 5.31° Lt: 6.03%
Mouse 2 Mouse 8
Rt: 7.36% Rt: 5.58°
Lt: 5.33? Lt: 5.05%
Treated with MSC Mouse 3 Mouse 9
Rt: 6.30% Rt: 4.13
Lt: 5.95* Lt: 3.67
Mouse 4 Mouse 10
Rt: 5.74% Rt: 4.19
Lt: 5.12° Lt: 5.052
Treated with mixed MSC and FBC Mouse 5 Mouse 11
Rt: 5.80° 4.13 (mix of both hemispheres)
- Lt: 5.40°
Mouse 6 Mouse 12
Rt: 5.06 Rt: 4.85
Lt: 4.52 Lt: 5.02

Values are in nmol/mg/h. Each sample was tested in duplicate and results are mean values. Re, right hemisphere; Lt, left hemisphere.

* Increase of activity over mean + 2SD of non-treated mice.
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Table 3
Immunoblot assay of ganglioside GM1 amount.
4 weeks 8 weeks 6 months
Age-matched non-treated (range) 2.65-3.55 (n=13) 4.98-5.28 (n=13) 758 (n=1)
Treated with uncultured FBC Mouse [ Mouse VI Mouse XI
Rt; 1.42° Rt: 2.30° Rt: 6.18°
Lt 1.80* Lt: 2.44° Lt: 6.40°
Treated with MSC Mouse II Mouse VII
Rt: 1.82% Rt: 5.30
Lt 1317 Lt 5.23
Mouse III Mouse VIII
Rt: 1.40° Rt: 4.40°
Lt 1.34° Lt: 4.73°
Treated with mixed MSC and FBC Mouse IV Mouse IX
Rt: 1.33° Rt: 4.55°
Lt: 1.34° Lt: 4.78°
Mouse V Mouse X
Rt: 1,78 Rt: 4.45°
Lt: 1.622 Lt: 4.58°

Values are ratios to those for age-matched control mice. Each sample was tested in duplicate for three times and results are mean values. Rt, right

hemisphere; Lt, left hemisphere.
* Remarkable decrease.

® Slight decrease of ganglioside GMI compared with non-treated mice.

was found in the mice of every group. However, at &
weeks, decrease was detected only in the mouse treated
with FBC. Efficacy was still noted at 6 months after
injection in FBC-treated mouse. These findings were
consistent with those for X-Gal staining (Fig. 1) and
B-galactosidase activity (Table 2).

4. Discussion

Two therapeutic methods, HSCT and ERT, are clin-
ically available for LSDs. However, neither is markedly
effective in the brain. A number of experiments in ani-
mal models have been carried out on the treatment of
brain in LSDs. Each revealed some efficacy in the brain,
though it was transient and incomplete. Sufficient
enzyme expression throughout life is needed in the
brain. Thus, permanent engraftment of enzyme-secret-
ing cells in the brain, or permanent expression of an
exogenous gene with a vector or as an integrated gene
might eliminate the brain involvement in LSDs.

However, the immune responses of host animals are
among the most difficult problems to overcome in this
respect [31-33]. Although the brain, which is sequestered
from systemic immune responses, is thought to exhibit
little immune response, elimination of cells expressing
a therapeutic transgene occurs in the brain. We specu-
late that innate inflammatory immune responses are
stimulated to kill such cells, not necessarily with the
induction of a linked adaptive immune response. When
host brain cells express a therapeutic transgene mediated
by a viral vector, the host cells themselves will be elimi-
nated, possibly resulting in acceleration of neuronal cell
death in neurodegenerative disorders. Transplantation
of cells having the same genetic information as the host

animals with LSD except for expression of a deficient
enzyme protein would thus be a good method of treat-
ment for avoiding the elimination of host neuronal cells
and curing diseased host cells.

We performed cell transplantation into the brain of
B-galactosidase-deficient mice to study the usefulness
of long-term engraftment for supplementation of defi-
cient enzyme protein. To minimize the immune
responses in the recipient f-galactosidase knock-out
mice, we used cells of mice with the same genetic back-
ground as the recipient except for possession of copies of
the human [-galactosidase gene.

Initially, in the transplantation experiment, we used
FBC from transgenic mice expressing the human B-
galactosidase gene. The cells could grow in an envi-
ronment similar to that of the recipient organ in
which they were originally growing. The cells spread
into the brains and the cell number increased at least
until 4 weeks. They grew very successfully for at least
8 weeks and survived for 6 months or more. However,
the number of engrafted cells had decreased signifi-
cantly at 6 months, while the size of the brain had
increased. The decrease in ganglioside GM1 accumula-
tion was also marked until 8 weeks after transplanta-
tion. However, at 6 months, this decrease was far less
pronounced, with re-accumulation of ganglioside
GM1. After the cells were engrafted and the cell num-
ber was increased by the cell division in the recipient
brain, they were depleted. The mechanism of depletion
of transplanted cells involved immunological rejection,
although the transplanted cells were very similar
genetically and physiologically to the recipient.

Next, we performed a transplantation experiment
using MSCs obtained from the bone marrow of the
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Wild-type mouse

Non-treated mous

FBC-treated mous
Right hemisphere

FBC-treated mous
Left hemisphere

Fig. 2. Immunoblot assay of ganglioside GM1 in brain homogenate at
8 weeks after treatment. Performed in duplicate as shown in two slots
for each sample. (a) Wild-type mouse; (b) Non-treated mouse; (¢ and
d) Right and left hemisphere, respectively, of a mouse treated with
FBC. The immunoreactivity against ganglioside GM1 antibody in the
treated brain (¢ and d) was less than non-treated brain (d). The
accumulated amounts of ganglioside GM1 were calculated in the ratio
to the age-matched wild-type mouse (a) from the densitometric
quantification signals. These values were shown in Table 3.

same mice expressing the human B-galactosidase gene.
MSCs were obtained using the method of plastic adher-
ence. This relatively crude procedure produces a hetero-
geneous population including multipotential MSCs.
These crude cells were used to avoid depletion of poten-
tially important cells and for ease of preparation for
clinical application. The cells spread into the brains
and the cell number increased similarly to FBC trans-
plantation experiment until 4 weeks. However, decrease
in number of engrafted living cells and efficacy in pre-
venting accumulation of ganglioside GM1 were
observed in the examination of 8-week-old treated mice.

A number of studies on neural transdifferentiation
have been reported [34-37]. Some have reported that
neural transdifferentiation of MSCs is induced by cell
fusion with host neuronal cells [38-41]. We therefore
used mixed FBC and MSC cells to stimulate cell fusion.
More engrafted cells were found in the deep areas of the
mouse brains treated with mixed cells than in the brains
treated with MSC alone. However, no fused cells could
be identified. The long-living cells were probably trans-
planted FBC themselves.

Decrease of ganglioside GM1 was observed even
though the increase of the B-galactosidase activity
was so small. Similar efficacy was shown previously
in our gene therapy experiment [2]. On the other
hand, we observed a general depletion of the trans-
planted cells over time in the BKO mouse brains.
The transplanted cells survived in early stage and
the number increased by cell division, then, died. This
was likely caused by immunological rejection, even

though we used fetal brain cells (FBC) from mice with
the same genetic background for transplantation. We
speculated that immunological reaction occurred
because these cells expressed the therapeutic enzyme
protein which the host animals did not have. The
same has been reported in the transplantation of
autogenous cells expressing an exogenous therapeutic
gene [33]. The grafted cells were gradually depleted
because of immunological rejection by the host
animals. To avoid deleterious immune attack and to
achieve sufficient long-term efficacy in brain, develop-
ment of methods to steer the immune response away
from cytotoxic responses or to induce tolerance to
the products of therapeutic genes is needed [42,43].
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Mucolipidosis Il and Il alpha/beta: mutation analysis
of 40 Japanese patients showed genotype—phenotype

correlation
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Mucolipidosis (ML) 1l alpha/beta and 111 alpha/beta are autosomal recessive diseases caused by a deficiency of « and/or §
subunits of the enzyme N-acetylglucosamine-1-phosphotransferase, which is encoded by the GNPTAB gene. We analyzed the
GNPTAB gene in 25 ML Il and 15 ML 1ll Japanese patients. In most ML Ii patients, the clinical conditions ‘stand alone’,
‘walk without support’ and ‘speak single words' were impaired; however, the frequency of ‘heart murmur’, ‘inguinal hernia’
and ‘hepatomegaly and/or splenomegaly’ did not differ between ML I and Il patients. We detected mutations in GNPTAB in
73 of 80 alleles. Fourteen new mutations were ¢.914_915insA, c.2089_2090insC, c.2427delC, ¢.2544delA, c.2693delA,
€.3310delG, ¢.3388_3389insC+c.3392C>T, ¢.3428_3429insA, €.3741_3744delAGAA, p.R334L, p.F374L, p.H956Y,
P-N1153S and duplication of exon 2. Previously reported mutations were p.Q104X, p.W894X, p.R1189X and ¢.2715+1G>A
causing skipping of exon 13, Homozygotes or compound heterozygotes of nonsense and frameshift mutations contributed to
the severe phenotype. p.F374L, p.N1153S and splicing mutations contributed to the attenuated phenotype, although coupled
with nonsense mutation. These results show the effective molecular diagnosis of ML 11 and Il and also provide phenotypic
prediction, This is the first and comprehensive report of molecular analysis for ML patients of Japanese origin.
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INTRODUCTION
Mucolipidosis (ML) is clinically characterized by developmental delay
and dysostosis multiplex, which is partially overlapped with muco-
polysaccharidoses. ML II and III are autosomal recessive diseases
caused by reduced enzyme activity of N-acetylglucosamine-1-phos-
photransferase (GlcNAc-phosphotransferase) (EC 2.7.8.17). Targeting
of newly synthesized lysosomal enzymes to lysosomes is mediated
mainly by mannose-6-phosphate receptor, which recognizes the phos-
phate at the end of the sugar chain on lysosomal enzymes. The
recognition marker is synthesized in a two-step reaction and GlcNAc-
phosphotransferase acts in the first step. In patients, targeting of many
lysosornal enzymes to the lysosome is impaired and levels of over-
flowed lysosomal enzymes are elevated in the serum and body fluids.!
Structural analysis of bovine GlcNAc-phosphotransferase shows
that this enzyme is an o,B,7, hexameric peptide complex.? In 2000,

Raas-Rothschild et al? reported that the ¥ subunit is encoded by the
GNPTG gene and contributes to the pathology of ML III gamma,
formerly described as ML ITIC.* Recent cloning of cDNAs for o/B
subunits showed that it is encoded by a single gene GNPTABJS
GNPTAB is located at chromosome 12q23.3, contains 21 exons and
cades 1256 amino acids. The o~f boundary is located within exon 14,
but the detailed mechanism of processing the precursor into o and B
subunits is not clear.® A series of genetic-complementation studies
have shown heterogeneity in ML IIl and the genetic relationship
between ML I1 and II1.7-° Mutations in GNPTAB cause both the severe
type of ML (ML II alpha/beta, ML II, I-cell disease (MIM 252500))
and the attenuated type of ML (ML III alpha/beta, ML III4, Pseudo-
Hutler polydystrophy (MIM 252600)).112 Mutations in GNPTG
cause the attenuated type of ML (ML III gamma, ML IIIC, ML HI
variant (MIM 252605)).
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We analyzed the GNPTAB gene in 40 Japanese ML II and III
patients who had been diagnosed clinically or biochemically. Because
the previously recorded clinical information was ambiguous, we
reviewed the clinical records of these patients. In this article, we
show the results of mutation analysis of the GNPTAB gene in 40
Japanese ML II alpha/beta and III alpha/beta patients and the
comparison of the obtained genotype and phenotypes.

MATERIALS AND METHODS

Patients

The cases were Japanese ML II and III patients diagnosed after the 1970s to
date. The diagnosis of ML was based on clinical manifestations and lysosomal
enzyme activities in serum, lymphocyte and skin fibroblasts. The number of
samples was 40, including 25 samples of ML IT and 15 samples of ML III. In this
study, all patients were probands and no siblings were included. New patients
were informed about the gene test by counselors in each institute and
consented. All methods in this study were approved by the ethics committee
of Osaka University Graduate School of Medicine.

Clinical information

The clinical information of each patient followed in our outpatients’ clinic was
reviewed from the medical records at our institute, To obtain clinical informa-
tion about patients followed in other institutes, we sent questionnaires to
outpatients’ doctors or patients’ families. Many medical records had been
discarded because of the long period since their death or the end of follow-up.
In some cases (cases 4, 12, 13, 14 and 34), only information, such as ‘ML 11
patient’ or ‘I-cell disease’, was available.

Cell culture

Skin fibroblasts of patients were stored in liquid nitrogen at —196 °C. Half of
each thawed sample was subjected to re-culture with Dulbecco’s modified
Eagle’s medium (GIBCO; Grand Island, NY, USA) with 10% fetal bovine serum
and anti-biotic-anti-mycotic (GIBCO). The other half of each frozen sample
was directly subjected to RNA and DNA extraction.

Total RNA and genomic DNA extraction

We extracted total RNA and genomic DNA using a standard extraction kit
(Isogen; Nippongene, Tokyo, Japan) from patients’ peripheral blood leukacytes
and/or cultured skin fibroblasts.

Reverse transcription

The obtained total RNA was subjected to reverse transcription to
construct ¢cDNA. Synthesis of ¢cDNA was performed with M-MLV reverse
transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions.

Amplification of cDNA and genomic DNA

A cDNA fragment covering the whole coding region of GNPTAB was amplified
by PCR in two fragments (first PCR) and each fragment was secondarily
amplified in two fragments (second PCR). In other words, whole ¢cDNA was
amplified in four overlapping fragments. Six pairs of primer sequences for
amplification of cDNA are listed in Supplementary 1. For genomic DNA
amplification of each exon of GNPTAB by PCR, we used genomic primers
described earlier by Kudo ef al1® (primer ID; 1088, 1076, 1077, 1078, 1082,
1118, 1119, 1085, 1086, 1089, 1107, 1092, 1109, 1120, 1121, 1122, 1123, 1163,
1164, 1129, 1134, 1135, 1136, 1215, 1216, 1139, 1140, 1141, 1142, 1219 and
1259) and other newly designed primers (Supplementary 1), For the amplifica-
tion of each exon of GNPTG, we used primers described earlier by Raas-
Rothschild ef al® and other newly designed primers (Supplementary 1). PCR
reactions were conducted in 20 pl reaction volumes with rTaq DNA polymerase
(Takara Bio Inc.,, Otsu, Japan). The basic thermal profile consisted of initial
denaturation at 94 °C for 2 min, followed by 35 cycles at 94 °C for 1 min, 56 °C
for 2min and 72°C for 2min, with a final extension at 72°C for 7 min.
Annealing temperature was modified within 55 and 60 °C. Three microliters of
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each PCR mixture were run on agarose gel to ensure that only the specific
product was amplified.

DNA sequencing

PCR products were purified using a standard kit (SUPREC-02; Takara Bio Inc.)
to remove unnecessary primers and finally dissolved in pure water at a
concentration of approximately 2-10ngul™* water as a sequencing reaction
template. DNA sequencing was carried out with the same primers as men-
tioned above (Supplementary 1) using the BigDye Terminator VL1 cycle
sequencing kit (Applied Biosystems, Foster City, CA, USA) and the Applied
Biosystems 3100 genetic analyzer according to the manufacturer’s instructions.
First, DNA sequencing was performed for cDNAs of GNPTAB followed by the
confirmation by genomic DNA sequencing, We also analyzed the genomic
DNA sequence of GNPTG in seven patients in whom only one mutation in
GNPTAB was detected.

Screening for p.F374L and p.R1189X mutation by restriction
fragment length polymorphism

DNA fragments containing the mutation site were amplified by PCR with
primer 343/1109 (Supplementary 1) (Kudo et al.!) and 230/232 (Supplemen-
tary 1) and digested by restriction enzyme Mbo II or Tag I, respectively. PCR
fragments containing p.F374L were recognized by Mbo Il and digested from 367
to 33+16+97+221bp. The same fragments derived from the normal allele were
digested from 367 to 33+16+318 bp. With regard to PCR fragments containing
p.R1189X, Tag I recognizes only the normal sequence and digests the fragment
of 293 bp length into 205+88bp fragments. If mutations were found by this
method, DNA sequences were confirmed by genomic DNA sequencing by the
same method as described above.

RESULTS

Mutations in ML II alpha/beta and III alpha/beta patients

We detected 73 mutant alleles of 80 alleles in 40 Japanese patients
(Table 1). Bold letters indicate new mutations detected in this study.
These include 14 new mutations and four previously detected muta-
tions. All four known mutations were reported by a Korean group*!
and one, p.R1189X, was also reported by an Israeli group in a patient
of Irish/Scottish origin.!> The most frequent mutation was the non-
sense mutation p.R1189X (c.3565C>T) and its allele frequency was
33/80 (=41.25%) in the analyzed alleles of all ML II and III patients.
In 90 healthy individuals, this mutation was not found by the
restriction fragment length polymorphism method described above.
p.F374L was found in 1 of 25 ML II patients and 7 of 15 ML III
patients, and total allele frequency was 8/80 (=10.00%). Duplication
of exon 2 was found in 1 of 25 ML II patients and 5 of 15 ML Ill
patients, and total allele frequency was 6/80 (=7.50%). No mutation
was found in GNPTG in seven patients in whom only one mutation
was detected in GNPTAB.

Analysis of the duplication of exon 2

First, we found mutant alleles with the structure of duplicating exon 2
in ¢cDNA analysis (Figure 1c). We constructed forward and reverse
primers within exon 2 (primer 336/335) and performed long PCR
with an XL PCR Kit (Applied Biosystems). The basic thermal
profile consisted of initial denaturation at 94 °C for 1min, followed
by 35 cycles at 94 °C for 155, 62 °C for 12 min, with a final extension
at 72°C for 15min. None was amplified with normal alleles by
this method because each primer runs the other way. With a mutant
allele, a specific fragment was amplified and the size of the fragment
was estimated as approximately 15kbp by agarose gel electrophoresis
(Figure 1d). Sequencing analysis of this fragment was performed by
primer walking and the junction between introns 1 and 2 was
confirmed (Figure 1b); however, we could not detect any rearrange-
ment between exons 1 and 2 by primer walking (data not shown).



Table 1 Summary of all mutations in GNPTAB identified in this study
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Table 1 Continued

Case Position DNA Protein Case Position DNA FProtein
ML Il alpha/beta 29 Exon 2 Duplication exon 2 Frameshift
1 Exon 19 ¢.3565C>T p.R1188X Exon 13 ¢.2693delA p.K898fs
Exon 19 ¢.3565C>T p.R1189X 30 Exon 2 Duplication exon 2 Frameshift
2 Exon 13 €.2089_2090insC p.L697fs ND ND ND
Exon 19 €.3565C>T p.R1189X 31 Exon 2 Duplication exon 2 Frameshift
3 Exon 8 ¢.914_915insA p.D305fs Exon 13 c.2544delA p.K848fs
Exon 19 ¢.3565C>T p.R1189X 32 Exon 2 Duplication exon 2 Frameshift
4 Exon 19 ¢.3565C>T p.R1189X Exon 10 c.1120T>C p.F374L
ND ND ND 33 Exon 19 €.3458A>G p.N1153S
5 Exon 13 c.2681G>A p.W894X Exon 19 ¢.3565C>T p.R1189X
Exon 19 ¢.3565C>T p.R1189X 34 Intron 13 c.2715+1G>A (skip Exon 13)
6 Exon 10 ¢.11207>C p.F374L Exon 14 ¢.2866C>T p.HI56Y
ND ND ND 35 Exon 10 ¢.1120T>C p.F374L
7 Exon 19 ¢.3565C>T p.R1189X Exon 13 c.2681G>A p.W894X
Exon 19 c.3565C>T p.R1189X 36 Intron 1 €.2715+1G>A (skip Exon 13)
8 Exon 19 ¢.3565C>T p.R1189X Exon 14 c.2866C>T p.H956Y
Exon 19 ¢.3565C>T p.R1189X 37 Exon 10 c.1120T>C p.F374L
9 Exon 19 c.3565C>T p.R1189X Exon 19 €.3565C>T p.R1189X
Exon 19 c3565C>T p.R1189X 38 Exon 10 c.1120T>C p.F374L
10 Exon 19 ¢.3565C>T p.R1189X Exon 19 ¢.3565C>T p.R1189X
Exon 19 ¢.3565C>T p.R1183X 39 Exon 10 c.11207T>C p.F374L
11 Exon 13 c.2427delC p.L810fs Exon 19 c.3565C>T p.R1189X
Exon 19 ¢.3565C>T p.R1189X 40 Exon 10 ¢.1120T>C p.F374L
12 Exon 18 €.3388_3389insC+c.3392C>T p.V1130fs Exon 19 €.3565C>T p.R1189X
ND ND ND Abbreviations: ML, mucolipidosis; ND, not detectable.
13 Exon 9 ¢.1001G>T p.R334L Bold letters indicate novel mutations detected in this study. Numbering of nucleotides starts
Gon19 c356805T pRILBOX i ot s st kol of oo oo nd b of s s i
14 Exon 2 Duplication exon 2 Frameshift mainly conform to the '"Nomenclature for the description of sequence variations’ by Human
Exon 13 ¢.2544delA p.K848fs Genome Variation Society (http/Awww.hgvs.org/mutnomen/).
15 Exon 3 ¢c.310C>T p.Q104X
Exon 19 ¢.3565C>T p.R1189X
16 Exon 3 €310C>T p.Q104X Polymorphisims in GNPTAB
Exon 3 ¢.310C>T p.Q104X The 14 polymorphisms in GNPTAB found in this study are listed in
17 Exon 19 c.3565C>T p.R1189X Table 2, Ten polymorphisms were found within the intron and four
Exon 19 €.3565C>T p.R1189X within the coding region that does not change the amino-acid residue.
18 Exon 17 ¢.3310delG p.A1104fs Not all patients were tested because these polymorphisms were found
Exon 18 ©.3428_3429insA p.N1143fs incidentally in the process of sequencing analysis of mutations.
19 Exon 19 €.3565C>T p-R1189X Twelve polymorphisms have been registered in dbSNP (http:/
ND ND ND www.ncbi.nlm.nih.gov/SNP/). Two polymorphisms have not been
20 Exon 21 €.3741_3744delAGAA p.E1248fs reported previously.
ND ND ND
21 Exon 13 c.2544delA p.K848is Clinical phenotypes and genotypes
Exon 13 c.2544delA p.K848fs sy 4 . . .
22 Exon 3 31005 T 2.Q104X A summary of the clinical images and types of mutfmons.of patients is
Exon 19 c.3565C5T pR1189X ShOWI:l in Table 3 We chos.e simple clinical mafufes.tanons, sgch as
23 Exon 19 .35650>T p.R1189X standing or walking, sp.eakmg, heart murmur, inguinal hernia and
Exon 19 ¢.3565C>T p.R1189X hepatosplenomegaly, which could be easily retrieved from old medical
24 Exon 19 ¢.35650>T p.R1189X records or the memory of the doctors who followed them. Only the
ND ND ND ML type was recorded in some cases but we could not obtain further
25 Exon 19 c.3565C>T p.R1189X information. The frequency of each clinical manifestation in the two
Exon 19 €.3565C>T p.R1189X groups is shown in Table 4.

ML Il alpha/beta

26 intron 13 c.2715+1G>A (skip Exon 13)
Exon 19 c.3565C>T p.R1189X

27 Exon 10 ¢.1120T>C p.F374L
Exon 19 c.3565C>T p.R1189X

28 Exon 2 Duplication exon 2 Frameshift
Exon 13 ¢.2089_2090insC p.L697fs

In 33 patients, mutation was detected in both alleles. We arranged
all cases into eight groups based on the type of mutation, respectively
(Table 3).

Nonsense mutation contains p.Q104X, p.W894X and p.R1189X.
Frameshift contains a type of mutation caused by the insertion or
deletion of 1 or 4 bases, including ¢.914_915insA, ¢.2089_2090insC,
c2427delC, c.2544delA, c.2693delA, ¢.3310delG, c¢.3388_3389insC
+¢.3392C>T, ¢.3428_3429insA and c¢.3741_3744delAGAA. Each
missense mutation, p.R334L, p.F374L, p.H956Y and p.N1153S, is
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Figure 1 Summary of the duplication exon 2. (a) Overview of rearranged mutant aliele. (b} Genomic sequence around the junction. XL PCR product of primer
set 336/335 was used as a sequence template. Sequencing analysis of mutant allele showed that IVS 2 jumped and connected to IVS 1 through 7
overlapping bases. The number above indicates the position in reference sequence NT_019546.15. (c) Sequence analysis of cDNA. Forward sequencing
showed overlapped signal of exons 2 and 3 next to the end of exon 2. Reverse sequencing also showed overlapped signal of exons 1 and 2 next to the end of
exon 2. (d) Agarose gel electrophoresis of PCR products amplified by primer set 336/335 and 365/367. These primers were designed to run the other way,
respectively, and only the mutant allele was amplified. Left figure indicates that the amplified fragment by primer set 336/335 was estimated to be about
15kbp. We then sequenced the fragment by primer walking. The junction was found and primers were designed near the junction. Right figure indicates the
PCR fragment amplified by primer set 365/367. Estimated fragment size was 177 bp. M1 is a ladder of AMHind 11l marker and M2 is a ladder of 100bp

marker (Takara Bio Inc.).

Table 2 Polymorphisms in GNPTAB

Location Genomic DNA
Position? in GNPTAB polymorphism® cDNA®
25706627 Exon 1 G>A ¢.18G > A (synonymous}
25666041 Intron 2 G>T
25665434_36 Intron 3 ATA> A (del2bases)?
25665015 Intron 3 A>G
25664898 Intron 3 T>A
25664420_24 Intron4  TGTGT>TGT (del2bases)
25664372 intron 4 C>T
25662419 Intron 4 G>A
25641086 Exon 13 c>Gd ¢.1800C>G (synonymous})
25640954 Exon 13 A>G c.1932A>G {synonymous)
25640405 Exon 13 C>T €.2481C>T (synonymous)
25637091 Intron 15 T>C
25633304 Intron 17 T>C
25633069 Intron 18 C>G

3pgsition in the reference sequence NT_019546.15.

bNucleotide changes from the reference sequence NT_019546.15.

“Numbering of nucleotides starts with +1 at the first nucleotide of the initiation codon.
dNew polymorphisms detected in this study.
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enumerated individually. Duplication of exon 2 and skipping of exon
13 are also enumerated individually, although they finally cause
frameshift. Homozygotes or compound heterozygotes of the mutation
are indicated by a closed circle and heterozygotes by an open circle.

DISCUSSION

In this study, several frequent mutations were detected. Nonsense
mutation ¢.3565C > T (p.R1189X) was especially frequent in our study
and its allele frequency was 41.25%. Eight of 25 ML II patients have
this mutation homozygously. According to previous reports, this
mutation was only found in two Korean cases!! and in one case of
Irish/Scottish origin.!* This mutation seems to be common in eastern
Asia, including Japan. It is speculated that it does not occur in a hot
spot but by a founder effect, although experimental confirmation is
difficult because of the unavailability of samples from the patients’
parents. The secondary frequent mutation is a missense mutation
¢.1120C>T (p.F374L) found in eight alleles compounded heterozy-
gously with another mutation in this study. Duplication of exon 2 was
found in six alleles and this mutation occurred at the genomic level of
rearrangement. Sequencing analysis of the fragment from the tail of
exon 2 to the head of exon 2 showed the junction between introns 1
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Table 3 Summary of clinical images and mutation types in Japanese mucolipidosis (ML) Il and !l alpha/beta patients

Case number

Stand alone

Walk without support
Speak single words
Heart murmur
Inguinal hernia
Hepatomegaly and/or
splenomegaly
Nonsense

Frameshift

Missense p.R334L
Missense p.F374L
Missense p.H956Y
Missense p.N1153S
Duplication of exon 2
Skipping of exon 13
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Table 4 Clinical manifestations and mucolipidosis (ML) types

Clinical manifestations ML ML 1T
Stand alone 1/13 13/13
Walk without support 0/15 12/13
Speak single words 113 12/13
Heart murmur 15/17 12/14
Inguinal hernia 10/15 5/9

Hepatomegaly and/or splenomegaly 17/20 6/12

and 2; however, there was no junction between exons 1 and 2 by
primer walking. We suggest that this rearrangement is not derived
from insertion of a region containing exon 2 but from the recombina-
tion between introns 1 and 2 (Figure 1a). Skipping of exon 13 is
also frequent and is caused by the intronic one-base substitution
¢.2715+1G> A mutation. This mutation is discussed in detail in the
previous article.!!

We examined the founder effects of several mutations based on the
result of polymorphisms. We show the genotype frequencies of several
polymorphisms in patients with/without p.F374L and ¢.2715+1G>A
(Table 5). Reference frequencies are data from HapMap-JPT (Japanese
in Tokyo, Japan) in the International HapMap project. Our results
indicate that six single-nucleotide polymorphism (SNPs) (rs10778150,
152108694, rs6539012, rs10778148, rs759935 and 1s376475) are
coincident with mutation p.F374L and the SNP (rs3751249) with
€.2715+1G>A in Japanese ML patients. We suggest that high corre-
spondence between the two mutations and SNPs is most likely
explained by a founder effect. With regard to the other mutations,
there seemed to be no relationship between the mutations and
polymorphisms.

Traditionally, ML patients have been classified into severe type (as
type II) and attenuated type (as type II). We examined genotype—
phenotype correlation with the obtained mutational information and
patient diagnosis, namely ML type. Patients with a combination of
homozygotes or compound heterozygotes within nonsense mutation,
p-Q104X, p.W894X and p.R1189X, showed clinically severe pheno-
types. Frameshift mutations caused by insertion or deletion of 1 or 4
bases (c.914 915insA, ¢.2089_2090insC, ¢.2427delC, c.2544delA,
€.2693delA, ¢.3310delG, ¢.3388_3389insC+c.3392C>T, c.3428_3429
insA, ¢3741_3744delAGAA) also contribute to the severe
phenotype.

On the other hand, p.F374L is considered to contribute to relatively
mild clinical manifestations, except for case 6, which was reported in
detail by Kojima et al.!* and also by Okada et al!® (case 9 in the
article). He could stand alone but could not walk and was classified
into ML II. We think that this was not a typical ML I case and showed
a relatively attenuated phenotype. The other cases of p.F374L, if
combined with nonsense or frameshift mutation, clinically showed
ML IIL

Duplication of exon 2 was found in attenuated cases, except for case
14; however, we cannot discuss case 14 further because limited
information was available. We consider that duplication of exon 2
contributes to the attenuated phenotype. ¢.2715+1G>A causes
skipping of exon 13.!' Case 26 has p.R1189X and c2715+1G>A
and shows an attenuated clinical phenotype. We consider that
€.2715+1G> A also contributes to the attenuated phenotype.

Exon 2 contains 86 base sequences and exon 13 contains 1103 base
sequences. The above two mutations consequently lead to frameshift.
The Korean group reported skipping of exon 13 only in ML III
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Table 5 Genotype frequencies of mutations and polymorphisms

Positior® (dbSNP id) Population Genolype frequency n
HapMap-JPT i 0 T/A 0.111 AA 0.889

25664898 (rs10778150) Without p.F374L ¢] 0 1.000 8
p.F374L hetero 0 1.000 0 2
HapMap-JPT cic 0 cm 0.119 T 0.881

25664372 (1s2108694) Without p.F374L 0 0 1.000 6
p.F374L hetero 0 1.000 ] 5
HapMap-JPT G/G 0.023 G/A 0.114 NA 0.864

25662419 (rs6539012) Without p.F374L 0 0.143 0.857 14
p.F374L hetero 0 1.000 0 6
HapMap-JPT AA 0 AG 0.244 G/G 0.756

25640954 (rs10778148) Without p.F374L 0 0.133 0.867 15
p.F374L hetero 0 1.000 0 6
HapMap-JPT 7 0 TIC 0.244 cic 0.756

25637091 (1s759935) Without p.F374L 0 0 1.000 10
p.F374L hetero o} 1.000 0 5
HapMap-JPT ciC 0 C/G 0.250 G/G 0.750

25633069 (rs3736475) Without p.F374L 0 0.143 0.857 14
p.F374L hetero 0 1.000 0 4
HapMap-JPT c/ic 0.977 cr 0.023 7 0.

25640405 (rs3751249) Without ¢.2715+1G>A 1.000 0 0 18
¢.2715+41G>A hetero 4] 1.000 0 3

‘i’ means the number of patients tested for singl
Bold letters indicate major genotypes within each row.
3Position in the reference sequence NT_019546.15.

leotide poly:

hism:
(o

patients. Kudo et al. reported a case in which splicing mutation caused
an attenuated phenotype with highly suppressed enzyme activity and
suggested that splicing was especially disrupted only in these fibro-
blasts. Our results are consistent, although the detailed mechanisms
remain unclear.

Case 33 has compound heterozygosity of p.R1189X and p.N1153S.
This case shows one of the most attenuated phenotypes in this study;
she could speak and walk when she was 1 year old, without
hepatosplenomegaly, and she is now 32 years old and working in a
workshop. p.N1153S was found in only one allele; however, it is
suggested that this mutation contributes to the attenuated phenotype.

In this study, clinical severity proved to be well correlated with
mutational severity. Our result supports the previous report by Bargal
et al® On the basis of information about known mutations, a
patient’s clinical phenotype can be estimated. Even if new mutations
are found, some clinical phenotypes can be predicted by the type of
mutation.

We investigated the correlation between clinical manifestations and
diagnosed ML types (Table 4). ‘Stand alone, ‘walk without support’
and ‘speak single words’ are considered to well correlate to the ML
type. In other words, a patient who cannot stand, walk or speak has a
severe phenotype and life expectancy is estimated to be limited,
generally called ‘ML I\ Clinical manifestations, such as ‘heart mur-
mur, ‘inguinal hernia’ and ‘hepatomegaly and/or splenomegaly’, were
found in both ML II and III. Unfortunately, other various clinical
manifestations, such as ‘age at onset, ‘bone deformity’ and ‘neurolo-
gical findings, could not be examined because of poor information
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about many cases in this study. If a large-scale prospective investiga-
tion about the natural history of ML is carried out in the future, these
problems may be solved.

Mucolipidosis II alpha/beta and III alpha/beta are caused by the
same gene, GNPTAB, and the clinical phenotype shows a continuum
from mild to severe. In both ML II and III, life expectancy is becoming
longer owing to improved supportive therapy and care. Previously
classified ML 11 patients can now live for more than 10 years; however,
there are undoubtedly differences between typical ML II and IIL It is
difficult to predict the clinical phenotype from only enzymatic or
biochemical characteristics.'> From a clinical standpoint, early pre-
diction of prognosis is necessary. We could clearly classify the former
ML types from selected clinical manifestations and these ML types
correlated with genotypes. This is useful for predicting prognosis to
analyze mutations for treatment, including hematopoietic stem cell
transplantation, especially in attenuated cases diagnosed in the early
stage by molecular analysis.!

According to the recent report,!” 23 different mutations have been
reported in the GNPTAB gene causing ML II and III alpha/beta. We
detected 14 new mutations in the Japanese population. Three of four
other already known mutations detected this time were reported only
in Korean patient. This indicates that mutations found in Asian people
are restricted to the Asian region and seem not to be derived from
hot spots.

This is the first and comprehensive report of molecular analysis for
Japanese patients of ML. Our data showed genotype-phenotype
correlations in Japanese ML II and III (alpha/beta) in particular



mutations. This result provides effective molecular diagnosis and
phenotypic prediction of ML II and III (alpha/beta). Additionally,
we showed that clinical severity and life expectancy are also predicted
by particular clinical manifestations, including standing alone, walking
without support and speaking single words.
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Abstract Mucopolysaccharidosis type IVA (MPS IVA,
Morquio A disease), a progressive lysosomal storage disease,
causes skeletal chondrodysplasia through excessive storage
of keratan sulfate (KS). KS is synthesized mainly in cartilage
and released to the circulation. The excess storage of KS
disrupts cartilage, consequently leaching more KS into
circulation, which is a critical biomarker for MPS IVA.
Thus, assessment of KS level provides a potential screening
strategy and determines clinical course and efficacy of
therapies. We have recently developed a tandem mass
spectrometry [liquid chromatography (LC)/MS/MS] method
to assay KS levels in blood. Forty-nine blood specimens
from patients with MPS IVA [severe (#=33), attenuated (n=
11) and undefined (n=35)] were analyzed for comparison of
blood KS concentration with that of healthy subjects and for
correlation with clinical severity. Plasma samples were
digested by keratanase II to obtain disaccharides of KS.
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Digested samples were assayed by LC/MS/MS. We found
that blood KS levels (0.4-26 pg/ml) in MPS IVA patients
were significantly higher than those in age-matched controls
(0.67-4.6 pg/ml; P<0.0001). It was found that blood KS
level varied with age and clinical severity in the patients.
Blood KS levels in MPS IVA peaked between 2 years and
5 years of age (mean 11.4 pg/ml). Blood KS levels in severe
MPS IVA (mean 7.3 pg/ml) were higher than in the
attenuated form (mean 2.1 pg/ml) (P=0.012). We also found
elevated blood KS levels in other types of MPS. These
findings indicate that the new KS assay for blood is suitable
for early diagnosis and longitudinal assessment of disease
severity in MPS IVA.
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LSD lysosomal storage disease

MPS mucopolysaccharidoses

GAGs glycosaminoglycans

GALNS  N-acetylgalactosamine-6-sulfate sulfatase
QC quality control

cv coeflicient of variation

DMB dimethylmethylene blug

Introduction

Mucopolysaccharidoses (MPS) are a family of heritable
disorders caused by deficiency of lysosomal enzymes
required for degradation of glycosaminoglycans (GAGs)
(Neufeld and Muenzer 2001). Each known MPS type
involves deficiency of a specific lysosomal enzyme
required for the stepwise degradation of specific GAG(s).

Mucopolysaccharidosis type IVA (MPS IVA, Morquio A
disease) is an autosomal recessive disease caused by the
deficiency of N-acetylgalactosamine-6-sulfate sulfatase
(GALNS). The enzyme and its deficiency were discovered
and identified by the use of oligosaccharide substrates
prepared from chondroitin 6-sulfate (C6S) containing N-
acetylgalactosamine (GalNAc) 6-sulfate. Thus, the enzyme
was originally named GalNAc-6-sulfate sulfatase, abbrevi-
ated to GALNS (Dorfman et al. 1976). Subsequently, it was
shown that the enzyme also removes the 6-sulfated
galactose residues of keratan sulfate (KS) (Glossl and
Kresse 1982). GALNS is required to degrade KS and C6S.
Clinically, the severe form is characterized by short trunk
dwarfism, kyphoscoliosis, coxa valga, odontoid hypoplasia,
abnormal gait, joint mobility problems, restriction of chest
wall movement and a life span of 20-30 years. Patients
with the attenuated form can have a near normal quality of
life, with mild involvement of the skeleton (Northover et al.
1996; Montario et al. 2007, 2008). Although there is no
approved treatment available, enzyme replacement therapy
and bone marrow transplantation are under investigation on
MPS IVA human patients and mouse models.

The pathogenesis of the bone dysplasia in MPS IVA is
largely unknown, but it is speculated that the accumulation
of KS could be toxic to osteoblasts {(Fang-Kircher et al.
1997). A cost effective and sensitive method to measure a
biomarker for the disease would be useful for making an
early diagnosis, determining disease severity and systemat-
ically monitoring patients’” responses to treatment regimens.

One potential disease marker for MPS IVA, total GAG in
the urine, can be measured spectrometrically using dime-
thylmethylene blue (DMB) (Whitley et al. 1989) or alcian
blue (Bjomsson 1993). However, these methods are not
applicable to blood without prior protease treatment, as
protein in the specimen interferes with the binding of the
dye to the GAG. In addition, the dye itself is also prone to

‘2_] Springer

decompose, leading to a high background. For total GAG
levels in urine, the range in approximately 20% of patients
with MPS IVA overlapped the normal range (Tomatsu et al.
2004). Therefore it is difficult to distinguish the patients
from healthy controls on the basis of the level of urine
GAG excretion.

Another potential biomarker of this disease is the blood
KS level. KS is synthesized mainly in cartilage and is one
of the substrates accunmulated in MPS IVA disease. The
excessive storage of KS is known to cause severe skeletal
dysplasia in patients with Morquio A syndrome. The
measurement of KS in blood in these patients would
provide information to help one to assess the longitudinal
prognosis and efficacy of therapies, as well as early
diagnosis. There are established procedures for measuring
KS. The cetylpyridinium chloride method followed by thin-
layer chromatography has been used semiquantitatively for
the analysis of urine samples from patients with MPS IVA
(Fujimoto and Horwitz 1983; Beck et al. 1986). Monoclo-
nal antibody assay [enzyme-linked immunosorbent assay—
inhibition assay (ELISA)-Inhibition] is also available for
KS measurement (Thonar et al. 1985). However, those
methods involve multiple laborious steps. We have recently
reported a sandwich ELISA method for detection of KS in
biological fluids. The results demonstrated that KS levels in
the blood and urine of patients with MPS IVA are
significantly elevated in comparison with those of healthy
controls of equivalent ages (Tomatsu et al. 2004). The
sandwich ELISA method provides the total amount of KS
quantitatively but does not provide the level of sulfation
and composition of KS. High-performance liquid chroma-
tography (HPLC) is another sensitive and accurate method
to measure each specific GAG, although it is still laborious
and does not allow us to assay large numbers of samples
simultaneously (Tomatsu et al. 2005; Kinoshita and
Sugahara 1999; Toyoda et al. 1998; Yamada et al. 2000).
We have recently developed a sensitive, specific and
reproducible KS assay system by liquid chromatography
tandem mass spectrometry (LC/MS/MS) (Oguma et al.
2007). We have also shown the importance of blood KS
measurement to assess the efficacy of treatment during
enzyme replacement therapy (ERT) on an MPS IVA mouse
model (Tomatsu et al. 2008a), resulting in substantial
reduction of KS level.

Moreover, we have recently demonstrated that KS level
in blood is elevated in each type of MPS and mucolipidoses
(ML) examined by sandwich ELISA, in contrast to the
conventional understanding (Tomatsu et al. 2005).

In this study we evaluated KS levels in the blood of patients
with MPS IVA by using a recently developed LC/MS/MS
method, and we showed its feasibility as a method to evaluate
the clinical course of MPS IVA. In addition, we assessed the
elevation of KS levels in other types of MPS and ML.
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Materials and methods

Subjects Blood (plasma) samples were obtained from 49
patients with MPS IVA (33 severe, 11 attenuated and five
undefined) after informed consent had been obtained from
each patient. For all samples, the ages of the patients were
identified. Blood samples were also obtained from 125
healthy controls. The diagnosis of MPS IVA was made on
the basis of a reduced enzyme activity (GALNS) of <5%
the normal level in plasma, leukocytes or fibroblasts. We
classified clinical severity according to patients’ heights, as
described previously (Montafio et al. 2008; Tomatsu et al.
2004). We obtained 101 blood (plasma) samples from
patients with MPS and ML, except for those with MPS IV,
ranging between 0 and 39 years of age (MPS 1, n=31; MPS
11, n=28; MPS 1lI, n=19; MPS VI, n=6; MPS VII, n=6;
ML, nr=11).

KS assay Briefly, LC/MS/MS was used for the analysis of
the disaccharides produced from KS. An API 4000 mass
spectrometer equipped with a turbo-ion spray was used
(Applied Biosystems, Foster City, CA, USA) (Oguma et al.
2007). KS in human plasma was digested to disaccharides
by keratanase II (Seikagaku Corporation, Tokyo, Japan).
The disaccharides were analyzed by LC/MS/MS using
multiple reaction monitoring in negative ion mode. Sepa-
ration by LC was performed on a Hypercarb column
[2.0 mm internal diameter (1.d.)x150 mm, 5 pm) with
gradient elution by acetonitrile-0.01 M ammonium bicar-
bonate (pH 10). The flow rate of the mobile phase was
0.2 ml/min. After digestion of the blood, KS was digested
with keratanase 1I, and the disaccharide compositions of
Galpl —4GIcNAc(6S) and GalB1(6S)—4GIlcNAc(68S)
were recognized. The C-6 position of the GlcNAc residue
or both the Gal and GlcNAc residues was sulfated. When
GALNS enzyme is deficient, the 6-sulfated galactose
residues of KS are not removed in patients with MPS
IVA; therefore, an accumulation of Galf3 1(6S)—4GIcNAc
(6S) disaccharides was expected. Blood samples with KS
concentrations were assayed in duplicate using the appro-
priate dilution. )

Data analysis The data obtained were analyzed to
determine whether the levels of KS varied significantly
with rtespect to age and clinical phenotype of MPS
IVA patients. The variability of KS levels in the blood
of both MPS IVA patients and controls was plotted
according to age. For comparison between patient and
control samples, Student’s (-test, the Mann-Whitney U
test or Welch’s t-test was applied, depending on the
distribution of the values. All data were analyzed with
StatView statistical software (StatView I 4.5; Abacus
Concepts, Inc.).

Results

Assay validation The intra- and inter-day precision and
recoveries of Galpl—4GIcNAc(6S) or Galp1(6S)—
4GlcNACc(6S) were previously obtained for human plasma
and serum (Oguma et al. 2007). The results indicated that
the method here had satisfactory precision and recovery
without any effect by plasma proteins.

Blood (plasma) KS concentrations The KS values for the
blood (plasma) samples from 49 MPS IVA subjects
(average age 14.3 years; range 2-65 years), 125 control
subjects (average age 12.1 years; range 0-62 years), and
101 non-type IVA MPS and ML are reported in Tables 1, 2
and 3 and Figs. | and 2.

Blood KS concentrations were found to vary with age. For
all ages, the average blood KS concentrations in healthy
controls and patients with MPS IVA were 2.3 pg/ml and
5.7 ug/ml, respectively (P<0.001). In healthy control
newborn infants, blood KS concentration was under
2.0 ug/mi, and it rose, reaching a peak between the ages of
0 and 2 years (mean 2.9 pg/ml for control), and the
concentrations stayed relatively constant till the individual
reached 15 years of age. After 15 years, blood KS
concentrations decreased tol.5 jg/ml and stabilized thereaf-
ter. When control subjects and MPS IVA patients in each age
range (2-5 years, 5-10 years, 10-15 years, and over
15 years) were compared, the blood concentrations of KS
were different between groups (mean 2.6 pg/ml vs
114 pg/ml, P<0.001; 2.2 pg/ml vs 6.4 pg/ml, P=0.055;
2.9 ug/ml vs 3.2 pg/ml, P=0.81; 1.5 pg/ml vs 2.1 pug/ml, P=
0.020) (Tables 1 and 2, Fig. 1). Thus, at younger ages, there
was more difference in KS levels between MPS IVA patients
and the age-matched controls. KS level in patients with MPS
IVA was reduced and had nearly normalized at over 10 years
old. Blood KS levels in severe MPS [VA (mean 7.3 pg/mi)
were higher than in the attenuated form (mean 2.1 pg/ml)
(P=0.012) (Table 2). This finding suggests that KS level
could be associated with clinical severity (KS is metabo-
lized), although it still remains noteworthy that the patients
with the attenuated form had a lower mean KS because of
their older age compared with patients with the severe
phenotype.

The level of plasma KS was also compared between
each type of MPS and ML and the age-matched controls
(Tables 1 and 3 and Fig. 2). Plasma KS levels in MPS 1
showed that 4 out of 31 (12.9%) patients had above the
mean+2 standard deviations (SD) of the age-matched
controls (Fig. 2). Patients with MPS Il had the highest
mean KS in their blood among all types of MPS and ML
patients except for patients with MPS IV (mean 6.0 jug/ml).
Twenty-two out of 28 (78.6%) had plasma KS values above
the mean + 2SD of age-matched controls (Fig. 1). Plasma
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